There is an urgent interest initiated to develop clean energy resources with the aim of reducing exposure to environmental pollutants and explore model fuels that can hasten the achievement of clean energy combustion. This work investigates various ratios of biodiesel and commercial diesel in order to propose model binary fuels for clean energy combustion. Accordingly, diesel blends of ratios 1:1, 3:2 and 2:3 were each pyrolyzed at a contact time of 5 s in a quartz reactor at 1 atmosphere pressure. A model temperature of 500 °C was explored in these experiments. The charcoal content for pure fossil diesel was compared with the binary diesel residue. Gas-phase molecular components were determined using Gas chromatography (GC) coupled to a mass selective detector (MSD). Elemental composition of thermal char was determined using Smart Elemental Analyzer. Radical intensities for the three types of char (biochar, bio-fossil char, and fossil char) were measured using an X-band electron paramagnetic resonance spectrometer. It was noted that at a ratio of 2:3 (Biodiesel: Fossil diesel), harmful molecular products reduced significantly, 76-99%. Elemental analysis data indicated that the carbon content from commercial diesel was very high (≈ 70.61%) as compared to approximately 53% for biodiesel-fossil diesel mixture in the same ratio 2:3. Interestingly, the free radical content was reduced by nearly 50% in favour of the biodiesel/fossil diesel mixture. These results are encouraging and suggest that a better optimized fuel mixture has been found for better clean energy combustion.
Introduction
One of the mounting challenges facing the twenty-first century is energy security, environmental pollution and public health complications including asthma, carcinogens, and acid rains. Renewable energies are considered the possible solutions to most of these challenges. Therefore, thorough research is of essence to gain insight on new energy technologies with the primary focus of maintaining secure and renewable energy resources for sustainable development, better public health care and improved economies. The increase in fuel demand, depletion of fossil fuels reserves with exponential increase in population and economic growth is the precursor that has precipitated the search for alternative energy resources [1] . Furthermore, the toxic nature associated with exhaust emissions from vehicles fueled by fossil diesel has enhanced the search for alternative fuels such as biodiesel and diesel blends (binary and ternary fuels from biodiesel and fossil diesel). A number of studies have reported the impact of blending fossil diesel and biodiesel fuel on engine performance and emission characteristics that may have serious environmental bearing on human health and other ecosystems [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Conventionally, pyrolysis is the thermal degradation of biomass in absence or limited supply of oxygen [11] to form enormous pyrolysis reaction products (benzene and its derivatives, furans and dioxins) and particulate emissions considered harmful to human health and natural ecosystems [12] . Secondary oxidation products may include aldehydes, ketones, low molecular acids and volatile organic compounds, resulting in the increase of acidity as the degradation progresses [13] . The by-products of pyrolysis also include an array of particulate matter such as 1 3 liquid droplets, aerosols, soot, and tar [14] . Nonetheless, the thermal processing of biomass in general represents a promising method for recovery of renewable energy for industrial applications [15] .
Biodiesel is a potential renewable biodegradable fuel resource comprising of fatty acid methyl esters [16, 17] . The major routes for the production of biodiesel are chemical esterification catalyzed by sodium methoxide ( NaOCH 3 ) or sodium hydroxide ( NaOH) and enzymatic transesteerification using Candida antarctica lipase as reported in literature [18, 19] . Transesterification generally is a process in which an ester is transformed into another ester through alkali or enzyme catalyzed reversible reactions in presence of an alcohol to produce an ester and a glycerol [19] . Remarkably, the complicated structural composition of biomass materials makes it difficult to link the formation of organic pollutants to specific chemical reactions although significant attempts have been conducted by Mohamednoor and his co-workers using surrogates representative of the structure of biomass materials crucial in the production of biofuel [15] .
Previous studies that advanced the use of ternary fuel blends indicated that about 5-10% of ethanol with 20-25% biodiesel can be added to petro-diesel effectively to reduce global emission, promote public health and reduce environmental impacts [17, 20] . Both biodiesel-diesel and ethanol-biodiesel-diesel blending plays an important role in reducing exhaust gas emissions particularly carbon monoxides (CO), hydrocarbons (HC), and particulate matter (PM) [18, 20] . Whereas the current work does not discuss the particulate emissions arising from the co-pyrolysis of binary fuels (biodiesel and fossil diesel), it focuses primarily on binary fuel ratios aimed at decreasing harmful molecular emissions-it seeks to establish the best ratio for better combustion that would minimize environmental molecular pollutants for green energy strategies. Our earlier paper [21] was mainly motivated by the pyrolysis of equimassic mixture of biodiesel and fossil diesel with the exclusive focus of determining particulate emissions and the formation of free radicals in binary transport fuels. This contribution, however; distinguishes itself as a potential experimental design that would optimize the viability of binary mixtures of biodiesel and fossil diesel at selected ratios aimed at achieving clean energy combustion. The selected ratios were developed from our laboratory while taking into account previous work reported in literature on the pyrolysis of for example palm oil biodiesel methyl ester blended with diesel fuel (B20) in presence of cetane number improver-di-tertbutyl peroxide (DTBP) and fossil diesel [22] . Besides, it borrows significantly from the efforts by several countries to introduce a compulsory addition of biodiesel to fossil diesel, such as the mandatory addition of 30% biodiesel to fossil diesel fuel regulation by Czech Republic and Slovakia, 20%
by United States and Canada as well as 5% in the European Union, and Argentina [17] .
Although biodiesel is slowly replacing fossil fuels, its pyrolysis by-products are too difficult to understand due to complex cross reactions that occur during pyrolysis. Current research on transport fuels is advanced towards sustainable development of renewable energies with lower environmental impacts and greater economic output [17] . Moreover, biofuel has been considered a promising alternative to fossil fuel because of the proposed public health and environment quality occasioned by reduction in harmful emission from biofuel operated diesel engines [20] . Consequently, biodiesel has been touted as a potential renewable energy resource but certain inherent challenges including instability, metal contamination, ageing, moisture absorption and its corrosive nature impede its application as a transport fuel [16, 17] . Metal contamination for instance can occur by direct contact with the container or presence of metal fragments in biodiesel during production [13] . Nonetheless, biodiesel find its use as an alternative source of energy because of the diminishing petroleum reserves despite the shortcomings in biodiesel viability as it currently stands [23] .
Previously, studies revealed that the use of biodiesel as a transport fuel has seen reduction in environmental pollutants such particulate matter, carbon monoxide, unburned hydrocarbons and volatile organic compounds (VOCs) considered toxic to biological systems and natural ecosystems [2, [24] [25] [26] [27] . Biodiesel may be utilized in pure form or in blends but it has not been fully optimized to attain the necessary calorific value to power internal combustion engines [28] . To do so, major modifications including optimizing viscosity and pH have to be done [29] . Oxidation of biodiesel molecular products can lead to polymerization to form gums which may make biodiesel unsuitable for use thus resulting in engine damage and probably engine loss [30] . These are serious challenges that must be overcome in order to ensure viable use of biodiesel. To comprehensively evaluate the importance of emission reduction measures of a fuel, various studies on fuel emissions characterization must be conducted [31] . Accordingly, this study seeks to determine the nature of molecular organic emissions produced from the co-pyrolysis of Croton megalocarpus biodiesel and fossil diesel at various ratios, and compare with combustion of neat fuels from which an informed decision can be proposed on which binary mixture can be adopted for clean energy combustion. The study explores potential binary mixtures between biodiesel and commercial diesel (fossil diesel) that may produce fewer molecular products, radicals and, carbonaceous material in form of particulate matter. Croton megalocarpus plant is a common plant in that grows in the wild and diverse climatic conditions in Kenya and produce non-edible oil, which may offer a competitive energy resource since there is no competition with edible oils [32] . Therefore, this study explores molecular reaction products and thermal emissions at an optimum pyrolysis temperature of 500 °C at different ratios of Croton megalocarpus and fossil diesel.
The cost of producing biodiesel is significantly expensive [33] compared to the production of fossil fuel. Therefore mixing biodiesel with fossil fuel to optimize the combustion capacity of the binary mixture would be a compromise towards clean energy combustion and better engine performance. The primary focus of this study is to investigate the binary ratios of biodiesel and commercial diesel that are beneficial to the environment and public health during combustion. We believe this assessment will provide leads towards cheaper fuel with reduced thermal emissions. Therefore the primary focus of the current study was identify which diesel blends would be suitable for clean energy combustion with minimum environmental impacts. It also aims at comparing the density of free radicals generated by pyrolysis of pure biodiesel and the binary mixture of biodiesel and fossil diesel with a view to assessing their environmental impacts.
Materials and Methodology
Chemicals used in this study were of analytical grade (purity > 99%) and were purchased from Sigma Aldrich Inc., (St. Louis Missouri, USA) through its subsidiary, Kobian Kenya, Ltd. The reagents were used without further treatment. Croton oil was prepared by solvent extraction method using hexane followed by conversion to biodiesel via transesterification using NaOH solution as a catalyst [19] . The resultant biodiesel ultimately subjected to American Society for Testing and Materials (ASTM) D 6751 standards as detailed in literature [34] . Commercial diesel was purchased from a local out let and used without further treatment. The heater ( Fig. 1) with a temperature range ≈ 20-1000 °C, a muffle furnace was purchased from Thermo-Scientific Inc., USA [21] . The furnace has a temperature gradient of 10 °C. The reactor used in this work was fabricated in our laboratory by a glass blower while nitrogen of ultrahigh purity ≥ 99.99% (grade 5.0) was purchased from BOC gases, Kenya. The reactor has various parts including a transfer line constantly heated at 250 °C to prevent condensation of tar along the transfer line.
Co-pyrolysis of Croton megalocarpus Biodiesel and Petroleum Diesel
In order to investigate the nature of molecular products for optimization for clean energy combustion, different binary mixtures in the ratio of 1:1, 3:2 and 2:3 volume were separately introduced into a pyrolysis reactor. Croton megalocarpus biodiesel and fossil diesel were mixed and placed in a quartz reactor of volume 7.56 cm 3 housed in a furnace (Thermo-Scientific Inc., USA) [21, 35] . Pyrolysis was conducted at an optimum temperature of 500 °C under a flow of nitrogen at a residence time of 5 s at 1 atmosphere, as model pyrolysis conditions in the reactor ideally representative of the conditions inside a combustion engine. The reactor used in this study is presented in Fig. 1. 
GCMS Identification of Molecular Products
Condensable gas-phase molecular by-products from the co-pyrolysis of Croton megalocarpus biodiesel and fossil diesel, was passed through 10 mL dichloromethane solution (DCM) in an ice bath, filtered using a Whatman no. 10 filter paper and analyzed using an Agilent Technologies 7890A GC system connected an Agilent Technologies 5975C inert XL EI/CI MSD with triple axis detector. The GCMS column for this work was HP-5MS 5% phenyl methyl Fig. 1 The reactor assembly [21] siloxane (30 m × 250 µm × 0.25 µm). The port injector temperature was set at 250 °C to vaporize organic components to be amenable for GCMS analysis [35] . The carrier gas was ultra-high pure (UHP) helium (99.999%) and the flow rate was 3.3 mL min −1 . The oven temperature was set at 100 °C. The initial temperature was 50 °C holding for 3 min and the rate was set at 10 °C/min to 150 °C, holding for 5 min, then changed to 15 °C/min up to 300 °C and held at 300 °C for 20 min. Two microliter of sample was injected in the split ratio 50:1 at 250 °C. Data was run through the NIST (National institute of standard technology) library database as an additional tool to confirm identity of compounds. Additionally, pure compounds were run through the GCMS system and the retention times compared with the compounds of interest. The data reported in this work are average of three replicates.
Electron Paramagnetic Resonance Spectroscopy
A quantification of free radicals present in thermal char resulting from heat treatment of fossil diesel, biodiesel and diesel blends was conducted using Electronic Paramagnetic Resonance spectroscopy (EPR). The EPR measurements were performed using Bruker EMX-20/2.7 EPR spectrometer operating at X-band (~ 9.5 GHz) with dual cavities. All EPR spectra were obtained with a magnetic field modulation of 100 kHz, 1 mW microwave power, 20 G modulation amplitude and scans of 4 min. The details of EPR experiments are reported elsewhere [21, 36] .
Results and Discussion
A series of experiments to determine the optimum mixture for clean energy combustion was explored in this work. Consequently, various biodiesel-fossil diesel ratios of 1:1, 2:3 and 3:2 were investigated. Eight representative compounds were selected in all the ratios in order to explore which ratio would be promising towards clean energy combustion. A model temperature of 500 °C was explored in this work. Evidently, a ratio of 2:3 was proposed to yield better combustion results based on Table 1 which decreased the yields of oxygnegated molecular products. This is beneficial in the combustion efficiency of biodiesel which has been noted to suffer from low oxidation ability, increased acidity and corrosion problems [17] . It is expected that addition of hydrocarbons from fossil fuel to the methyl ester chain present in biodiesel may suppress the formation of harmful reaction products. Generally, biofuel has been considered a promising alternative to fossil fuel because of the proposed public health and environmental benefits occasioned by reduction of harmful emission from biofuel operated diesel engines [20] . Accordingly, addition of fossil diesel to biofuel in the appropriate ratio may not only reduce volatile organic pollutants emitted to the environment but may also enhance engine efficiency.
Oxygenated products during combustion usually yield the most reactive hydroxyl radical considered detrimental to both public and environmental health. Curiously, a ratio of 1:1 decreased the levels of long chain hydrocarbons but a ratio of 3:2 realized an increase in the level of hydrocarbons. Model hydrocarbon compounds including tetradecane for instance decreased by approximately 92% in the ratio 2.3 as compared to a ratio of 3:2 whereas pentadecane decreased by 29%. On the other hand 2,6,10,14-tetramethylhexadecane decreased by ≈ 93%. For the oxygenated model compounds, a reduction of about 76, 80, 96.4 and 85% for hexanedecanoic acid, methyl ester, 8,11-octadecadienoic acid, methyl ester, linoleic acid, methyl ester, and methyl stearate was observed respectively. Naturally, a synergetic inhibition may occur during the co-pyrolysis of biodiesel blends thus the decrease in molecular products at certain binary ratios.
These results suggest that a biodiesel ratio of 40-60% fossil diesel may produce a better clean energy resource. The corresponding chromatographic peaks for the molecular compounds reported in Table 1 , is presented in Fig. 2 . The molecular structures of the compounds of interest are presented in Table 2 . Most of the reaction products were long 
Mechanistic Description for the Formation of Reaction Products
In order to provide a clear understanding of the mechanistic pathways for the formation of pyrolysis products of biodiesel and fossil fuel, the major components of these transport fuels must be known. Previous work by Mosonik et al. [19] established that the primary components of Croton megalocarpus biodiesel before pyrolysis include 9-dodecenoic acid methyl ester, hexadecanoic acid methyl ester, 9,12-octadecadienoic acid methyl ester, octadecanoic acid methyl ester, 11-eicosenoic acid methyl ester, eicosanoic acid methyl ester, and docosanoic acid methyl ester. On the other hand, the major molecular components of fossil diesel are essentially long chain hydrocarbons.
Clearly, the cross reaction products during pyrolysis are quite different although similarities are noted in the terminal ester group for some compounds (Compounds 5-8, Table 2 ). The mechanistic description for the formation of compounds presented in Table 2 is proposed to form through various reactions pathways including C − C scission, rearrangement, concentered reactions and polymerization reactions. It is therefore difficult to consider that one mechanistic channel could be responsible for the observed reaction products. Nonetheless, radical polymerization is believed to be the dominant reaction pathway. Notably, at elevated temperatures, the scission of the methoxy group occurs rapidly because it is the weakest bond ester bearing compounds [37] . The reaction channel for hexanedecanoic acid, methyl ester (and other reaction products containing the methyl ester group) follows the abstraction of a − H (relatively weak bond) leading to − scission of the resulting radical accompanied by rearrangement to give tetradecane (Scheme 1) and a small molecule (methyl acrylate) which was detected in significant amounts in this study. The generation of long chain hydrocarbons such as pentadecane and hexadecane may proceed via simultaneous abstraction of a terminal H and addition of a methyl radical present in the pyrolysis pool. Alternatively, the scission of the terminal ester group in the corresponding methyl ester compound may lead to the formation of long chain alkane (pentadecane and hexadecane). Nevertheless, some of the smaller fragments of decomposition of biodiesel blends include transient radicals and stable species which result in the evolution of CO 2 (decarboxylation reaction), olefins, water, aldehydes, ketones, and small alkanes such as methane, ethane and propane [13] .
Elemental Composition of Char and Electron Paramagnetic Spectra
This is a very important component in the characterization of thermal chars form various biodiesel and fossil diesel binary mixtures. The elemental analysis for the thermal chars from biodiesel and fossil diesel in the ratio 2:3 at 500 °C is reported in Fig. 3 whereas the elemental analysis of pure fossil diesel is presented in Fig. 4 . It is evident from Fig. 4 that the carbon content from commercial diesel is very high (≈ 70.61%) as compared to approximately 53% (Fig. 3) when the biodiesel and fossil diesel are co-pyrolyzed in the ratio 2:3 respectively. Thus the carbon content was noted to decrease by 18 ± 3.42% during the co-pyrolysis of diesel blends (Figs. 3, 4) . This ----------------------- is predicted to reduce the amount of hazardous aromatic hydrocarbon emissions at high temperatures.
Besides, hydrogen which is an important precursor in the formation hazardous hydrocarbons was decreased by about 50% during the mixture. The nitrogen content was equally reduced from 4.88% for the pyrolysis of pure fossil diesel to 3.50% during the co-pyrolysis of biodiesel and fossil diesel in the ratio 2:3. The oxygen content, however; is significantly high in Fig. 3 as (diesel binary mixture) as compared to that in Fig. 4 (pure fossil diesel) . This is expected because biodiesel components are basically methyl esters and carboxylic acids considered rich in oxygen [16, 19] . On the other hand fossil diesel is conventionally rich in carbon.
In order to determine the radical content from thermal emissions electron paramagnetic spectroscopy was conducted on the three types of chars; croton char, binar char (char from co-pyrolysis of croton diesel and fossil diesel in the ratio 2:3), and pure fossil diesel char. Evidently, the peak-to-peak width, ΔP-P of EPR signals were anisotropic and fairly narrow for all thermal chars; 3.65, 4.42 and 4.51 for croton, biodiesel blend and fossil diesel respectively. Notably, the radical peak intensity for biochar was found to be higher than that of conventional diesel. However, when co-pyrolyzed, the radical intensity significantly reduced by approximately 50% . In examining the EPR spectra presented in this work (Fig. 5) , it is necessary to note that the surface of thermal char may contain oxygenated centers or carbon centers adsorbed on the surface. Although, it is clear from the EPR spectra that carbon-based radicals dominate, there are possibilities that oxygen-based radicals may also be present at low concentrations. For this reason, this study has opted to discuss the oxygen-centered radicals from a literature perspective because of their critical significance in public health and environmental health. This observation is supported by elemental analyses data that show oxygen as one of the major components of thermal char (Figs. 3, 4) .
The spin densities for croton and diesel blends were reportedly high ranging from 1.82 × 10 20 and 8.03 × 10 19 spins/g, while fossil fuel showed a very low spin count of 2.22 × 10 19 spins/g. High spin densities indicate that radicals are very stable [38] . Coal pyrolysis typically produces samples with radical concentrations ranging from 3 to 9 × 10 20 spins/g, depending on the origin of the coal [39] . The EPR spectrum for all the thermal char had a strong anisotropic singlet peak at approximately 3320 Gauss (cf. Fig. 5 ). It is evident from Fig. 5 , that the radical intensity for thermal char from biodiesel was about 2 times higher than the radical intensity for the binary mixture of biodiesel and fossil diesel at a model ratio of 2:3. This is therefore another environmental benefit of using optimized diesel blends as opposed to pure biodiesel. The g-factors varied slightly between 2.0024 and 2.0028 suggesting a free electron in a − C − C matrix. This is consistent with the elemental % carbon in the thermal chars reported in Figs. 3  and 4 , vide supra. Pervious work suggests that, at temperatures > 500
• C , the carbon based radicals dominate while the oxygen-centered free radicals are considerably absent [19] . More importantly, transport fuel research aims at obtaining mechanisms of formation and emission radical-bearing pollutants and harmful volatile organic pollutants (VOPs). It is evidently reported in literature that addition of the phenoxy O atom in an o-semi quinone radical to ortho C(H) or C(OH) --------------------------------------------- Fig. 5 The croton biochar, croton-fossil diesel char, fossil diesel char EPR overlay spectra-radical intensity as a function of magnetic field sites in a catechol molecule primarily results to the formation of hydroxylated diphenyl ethers which are important building blocks not only in biomass pyrolysis but also in biofuel pyrolysis [15] . Additionally, phenoxy radicals that are important intermediates in the thermal degradation of biomass and biofuel may be reported in an "en-ol" resonance structure (mesomer) in which the unpaired electron is located on an ortho-carbon denoted as o − C∕ ; or para carbon denoted as p − C∕ ; or a "keto" resonance structure in which the unpaired electron is associated with the oxygen, denoted as O∕ -as detailed in literature [15, 40] . Radical species formed from thermal degradation events have generally been referred to as environmentally persistent free radicals ( EPFRs ) and represent a class of reactive species that have prolonged life time even under ambient environmental conditions [41] . These radicals may be precursors for a group of environmentally persistent volatile organic pollutants such as phenols, dioxins and benzofurans which can easily be converted to the most toxic environmental pollutants ever known-polychlorinated dioxins and polychlorinated dibenzo furans ( PCDD∕Fs ) in presence of small amounts of chlorine and a transition metals such as iron or copper and/or their corresponding oxides [41, 42] .
Ultimately, traffic studies indicate that there are increased rates of respiratory and cardiovascular ailments and risks of premature deaths associated with busy urban highways because of lack of clean energy combustion strategies [43] . For instance, a 100% renewable energy would provide a long-term solution to the challenges caused by climate change, energy security, sustainability, and environmental pollution [44] . This would take into consideration major restructuring of infrastructure, improved engine designs and an internationally coordinated policy action towards green energy technologies [44, 45] .
Conclusion
From the GCMS and elemental analysis data, it is clear that the optimum binary mixture of biodiesel and fossil diesel suggested for clean energy combustion is 2:3 subject to further tests such as calorific heating value, viscosity, acidity, and ageing. Nonetheless, with the presence of nearly 60% hydrocarbons in the mixture, there is every reason to believe that a good combustion ability of the mixture has been proposed. Previous proposals to use pure croton biodiesel as a renewable energy resource may no longer be viable because of the evolution of toxic molecular compounds known to be carcinogenic as well as mutagenic. Moreover, it has been observed that pyrolysis of pure biodiesel generates a high amount of free radicals as opposed to when the biodiesel is mixed with fossil diesel in the ratio 40:60%. To this end, this study has noted that binary mixtures of renewable biofuels and non-renewable fossil fuels may be the solution in the search for fuels of good heating value without damaging combustion engines as well as the integrity of the natural environment.
